INTRODUCTION
The maintenance of infrastructure subject to aging in harsh environments demands the highest level of confidence in nondestructive evaluation. One of the most critical issues in the inspection of gas transmission pipelines remains the detection of stress corrosion cracking (SCC). The magnetic flux leakage (MFL) method [1] is widely used to detect cracks in steel. Numerical simulation using the finite element method (FEM) has been proven to be an efficient and inexpensive means of studying the interaction and redistribution of electromagnetic fields [2] . This article describes a stress corrosion crack model and its implementation in a finite element code for simulation of magnetic flux leakage inspection. For a complicated, minimal density of the mesh is desired to implement a code with reasonable requirements of computer memory and computation time. On the other hand, simulations need to be accurate enough to be experimentally validated. Traditional FEM assumes, that all the properties of materials are constants within each element. An approach with conductivity and permeability, varying within elements around a crack, is developed in this paper.
The objectives of this work are: a) model a stress corrosion crack by the variations of electromagnetic properties of materials, b) use special elements for crack description in the fmite element simulations, thus avoiding the necessity of dense mesh discretization, c) find appropriate shape functions, that allow -permeability and conductivity to vary within special elements, -precisely represent available analytical solutions, -incorporate the model into multidimensional finite element codes, d) run simulations for electromagnetic NDT problems, e) study field distributions around cracks.
The distribution of electromagnetic fields and signals from modeled sensors are presented as results of different crack models.
ANALYTICAL SOLUTION FOR I-D
For the finite element model, simulating the MFL inspection, the governing equation is
where A is the magnetic vector potential, 1 s -the equivalent current density in a permanent magnet model, V is the tool velocity along the pipe, 0" -the electric conductivity and Jl-the magnetic permeability of the pipeline material. For simplicity, consider first static conditions. If we allow the material properties to vary, then the governing equation for the magnetic vector
For the axisymmetric case in cylindrical coordinates this becomes where z is the distance along the main axis, r is radius and v=lIf.l, the reluctivity. Also for simplicity, consider a 1-D differential equation
Zk -some fixed point. Hence,
To model a crack, various representations of reluctivity v could be used. We considered four cases.
A. Piecewise constant version of vas it is shown in Fig. I 
vm' otherwise
with h -grid stepsize, as shown in Fig.lb , C. Piecewise polynomial of the form 
J.Im 1
In all the cases the analytical solution was found (see Fig.2 ). The analysis of the analytical solution helps to choose: a) the shape functions for the finite element method (FEM) approximation, so that the latter becomes precise, and, when possible b) the crack model, in which the result is closest to any experimentally measured fields.
Appropriate shape functions were found, and indeed, the solution is exact. For comparison, the linear crack model was taken. The solution by FEM with linear shape functions has error (see Fig.3 ), whereas the solution with new shape functions is error free, as shown in Fig.4 . It was shown [3] by the analysis of experimental data, that the sharper representation of reluctivity in the vicinity of the crack gives better results. So, the reciprocal polynomial crack model was adopted in this work.
where lJIij the test functions, .Q ij the finite elements. Assuming 
we get and the system of linear equations for FEM is:
Du
We use a dual approach, in which the chosen shape functions have properties different in different directions . For the r-direction they are piecewise linear (and piecewise constant V was taken). Linear shape functions were used in the z-direction, except for the elements adjacent to the crack (Z=Zk), where they were the same as for reciprocal polynomiall-D model case. Consider a magnetic flux leakage (MFL) tool for pipeline inspections. The magnetic flux density was computed. For the conventional approach, where the reluctivity is piecewise constant, the distribution of the magnetic field is as in Fig.5a , and the field around the defect is shown in Fig.5b (because ofaxisymmetry only one half of the tool is shown). This approach does not allow thin cracks unless a sufficiently dense discretization is used. In contrast, the mesh can be uniform in the z-direction for the tight crack model. The corresponding pictures are presented in Fig.6 . Accordingly, the computed signals from the crack are different for the two methods. Fig.7 and Fig.8 show the radial and axial components of the magnetic flux density at a sensor's position. Fig.7a and Fig.7b correspond to the conventional approach, Fig.8a and Fig.8b correspond to the new model. 
CONCLUSIONS
A new finite element model for tight cracks has been developed. Unlike the conventional approach. it allows variation of material properties within elements.
